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In extended Higgs sectors, heavy Higgs bosons can decay via cascades to a light Higgs boson 
plus W and Z bosons. We study signals of such sectors at the Tevatron and LHC that result from 
resonant production of a heavy H° followed by the decay H° — > H W+ with H+ — > W+h° — » W+bb 
or H+ — > tb — > W+bb. The final states have the same particle content as that of ti production, 
but with a resonant structure that can be used to distinguish signal events from background events. 
We propose analysis techniques and estimate the experimental sensitivity of the Tevatron and LHC 
experiments to these signals. 
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I. INTRODUCTION 

The experimental study of the electroweak symmetry 
breaking sector (or Higgs sector) is one of the main goals 
of the experimental high energy physics program. The 
minimal standard model with a single scalar Higgs bo- 
son is compatible with all existing data if the Higgs boson 
mass is in the range 115-140 GeV, and in fact intriguing 
hints of a Higgs boson with mass near 125 GeV have re- 
cently been found at the CERN Large Hadron Collider 
(LHC) If a light Higgs- like state is definitively dis- 

covered, the next step in the experimental program will 
be to determine whether this state is in fact the Higgs bo- 
son of the minimal standard model, part of an extended 
Higgs sector (such as that of the minimal supersymmet- 
ric standard model, or MSSM [3]), a composite Higgs 
[1] , or a completely different particle with Higgs-like cou- 
plings (such as a radion in warped extra dimensions [5] 
or dilaton [6]). 

In this paper, we consider models with a light neutral 
Higgs boson that is part of an extended Higgs sector. 
Rather than assume a particular theoretical framework 
(such as the MSSM), we take a phenomenological ap- 
proach, using a general 2-Higgs doublet model as a con- 
venient simplified model [7] to parameterize the signals. 
This approach motivates a variety of signals with final 
states involving the heaviest standard model particles 
(W, Z, t, and b), which have the strongest couplings to 
the Higgs sector [9] . The WW final state is enhanced 
by WW scattering in models where the Higgs sector is 
strongly coupled [TO], and this signal has been the subject 
of much detailed investigation [TT]. The phenomenology 
of resonant production of the final states Zh° [12] and 
W + W~ Z fT3] have also been investigated. 

In this paper, we focus on the final state W+W~bb, 
which can have a large production rate from the pro- 
cess gg -> H° followed by H° -> ff^ with H+ -> 
W + h° -> W+bb or H+ -> tb ^ W+bb. The main chal- 
lenge with these signals is the large tb background, which 
shares the same final state. The Tevatron has performed 



in-depth studies of the properties of the top quark in the 
ti mode, including searches for charged Higgs bosons in 
top-quark decay |14j . a measurement of the polarization 
of the top-quark decay products [15], and independent 
measurements of the top-quark mass in different top- 
quark decay modes [TB]. The model considered in this 
paper can be viewed as a continuation of these investiga- 
tions, understanding to what degree the ti sample at the 
Tevatron and the LHC can contain final states with a bb 
resonance. 

This paper is organized as follows. In section II of the 
paper, we discuss a simplified model and Monte Carlo 
generation of the signal. In section III, we address selec- 
tion criteria and the dominant backgrounds. Section IV 
and V discuss search strategies and expected sensitivity 
in bb and Wbb resonances respectively. 



II. SIMPLIFIED MODEL 

To carry out this study, we use a simplified model that 
contains only the minimal particle content necessary to 
describe the signal of interest. It contains two neutral 
Higgs bosons, heavy (H°) and light (h a ), and two charged 
Higgs particles {H+-). The parameters of the model are 
simply the masses of the Higgses and the production cross 
section times branching ratios for the assumed decays. 
This allows for the simple interpretation of the parame- 
ters and the later mapping to the specific parameters of 
more complete theories. 

The production mode studied here is gluon-gluon fu- 
sion gg —> H°. We consider only the decay H° — > H+W+ 
and h° —> bb. We consider two possible decays of the 
charge Higgs state, H+ —> W+h° and H+ — > tb, perform- 
ing two separate analyses for the limiting cases where one 
of these dominates. Although we are not committing to a 
specific model, it is worth noting that in 2-Higgs doublet 
models, these decays are controlled by the couplings 
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which depend on different combinations of the angles a 
and j3 (defined for example in Ref. [17]). These searches 
therefore probe different regions of parameter space of 
this model. On the other hand, the production cross 
section depends on the coupling 



9H°tt 



m t sin a 

v sin (3 



(2) 



For parameters where this is unsuppressed, the H + — > 
tb decay is also unsuppressed, so in a 2-Higgs doublet 
model the modes H + — > W + h° and H + — > tb are always 
both allowed. Nevertheless, we will study these modes 
independently in this preliminary study. 

To avoid unnecessary model-dependent assumptions in 
our results, we give expected limits on the H° produc- 
tion cross section times the product of the appropriate 
branching ratios. To interpret the results, we need to 
know the expected rates in some reasonable models, so 
we give the cross section for H° production in Fig. [l] 
which is equivalent to the SM Higgs production cross 
section if sin a/ sin (3 — 1. 

Both signal and background events are generated 
with MADGRAPH [TB], while top-quark and W boson 
decay, showering and hadronization is performed by 
Pythia [19]. We use PGS [20] tuned for Tevatron or 
ATLAS to provide detector simulation. 
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FIG. 1: Production cross section at NLO for H° as a func- 
tion of mass in a 2-Higgs doublet model with sin a/ sin /3 = 1, 
equivalent to the SM Higgs production cross section, for Teva- 
tron pp collisions at yfs = 1.96 TeV [UJ, and for LHC pp 
collisions at y/s = 7 TeV [22]. 



III. SELECTION AND BACKGROUNDS 

The event selection is similar to the standard single lep- 
ton selection used for Tevatron and LHC measurements 
[IS of the tt -> W + bW~b final states, with one W 
boson decaying leptonically. We require: 



• exactly one electron or muon, with px > 20 GeV 
and \t)\ < 2.5 

• at least four jets, each with pr > 20 GeV and \rj\ < 
2.5 

• at least 20 GeV of missing transverse momentum 

• at least one 6-tagged jet 

The 6-tagging algorithm parametrized in PGS is 36% 
(44%) efficient per 6-quark jet for the Tevatron (LHC). 
The dominant standard model background is tt produc- 
tion. At the Tevatron (LHC) IT+jets contributes 25% 
(10%) after this selection. In this study, we consider only 
the tt background. 

IV. RESONANCES IN bb 
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Diagram for WWbb production via the cascade 



J/" ± W =F WWh° 



WWbb 



In this section, we discuss the search strategy for 
the cascade gg -> H° -> H ± W T -> W + W~h° -> 
W + W~bb. Events are reconstructed according to the 
tt hypothesis, in order to identify and remove this back- 
ground. The neutrino transverse momentum is assumed 
to be given by the missing transverse momentum; the 
longitudinal component is assumed to the smallest value 
that gives (pe + p v ) 2 — m^- The pair of jets without 
6-tags that gives rrijj closest to mw are labeled as the 
hadronic W boson decay products. In the case that the 
event contains exactly one 6-tag, the leading untagged jet 
that is not associated to the hadronic W boson is treated 
as a second 6-tagged jet. The two W bosons and b jets 
are paired to form hadronic and leptonic top quarks ac- 
cording to the assignment that minimizes |M t lcp — M t had | 
where M t is the Wb invariant mass. 

The tt background shows clear peaks in M t for both 
leptonic and hadronic modes, see Fig. [3] The Higgs cas- 
cade decay lacks the top-quark resonance, leading to re- 
constructed top-quark masses further from the top-quark 
mass. To reduce the tt background, we veto events if 
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FIG. 3: Expected kinematic features from the W + W~ h° — > 
W + W~bb signal shown with primary ti background at the 
Tevatron. Shown are the masses reconstructed as leptonic 
top (top), hadronic top (center) and the bb invariant mass 
(bottom). Events are categorized by the the number of fo-tags 
seen: left is exactly one tag, right is at least two tags. The 
top-quark pair background in the bb mass distribution is sup- 
pressed by a top-quark veto, shown in the M t distributions. 



FIG. 4: Expected kinematic features from the W W~h — > 
W + W~bb signal shown with primary ti background at the 
LHC. Shown are the masses reconstructed as leptonic top 
(top), hadronic top (center) and the bb invariant mass (bot- 
tom). Events are categorized by the the number of fo-tags 
seen: left is exactly one tag, right is at least two tags. The 
top-quark pair background in the bb mass distribution is sup- 
pressed by a top-quark veto, shown in the Mt distributions. 



where M is the median reconstructed top-quark mass in 
simulated ti events, and the window size is optimized to 
maximize expected sensitivity. 

For the signal, the h° mass is formed by and shows 
a clear peak in simulated Higgs cascade events, see Fig. [3] 

A similar strategy is followed for LHC analysis, see 
Fig. |4j with a wider top-quark veto [M — 25, M + 25] to 
suppress the larger top-quark rate at the LHC. 

One could further improve the background rejection 
by searching for the H resonance in mwbb, or the H° 
resonance in mwwbb, see Fig. [5| The sensitivity gain 
may be modest, as the mbb spectrum provides powerful 
discrimination between the signal and background shapes 
while further selection requirements would reduce the sig- 
nal acceptance. A two-dimensional analysis of mbb ver- 
sus mwwbb is likely to be most effective. The simple 
one-dimensional analysis performed here is sufficient to 
demonstrate sensitivity. 



The expected background levels are calculated using 
the NLO cross section [25] for the ti, acceptance calcu- 
lated with simulated events, and a luminosity of 8 fb _1 
(5 fb _1 ) for the Tevatron (LHC). A 10% uncertainty is 
assumed. The signal acceptance is calculated using sim- 
ulated events, see Figs. [6^, & [7^,. 

To extract the most likely value of the signal cross 
section, we analyze the shape of the mbb distribution. 
Specifically, a binned maximum likelihood fit is used in 
the mbb variable, floating each background rate within 
uncertainties, allowing variation due to systematic un- 
certainties described above. The signal and background 
rates are fit simultaneously. The top-quark mass veto de- 
scribed above improves the sensitivity by approximately 
20%, by significantly reducing the background efficiency 
relative to the signal efficiency. The CLs method [26 is 
used to set 95% cross section upper limits. The median 
expected upper limit is extracted in the background-only 
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FIG. 5: Reconstruction of the total invariant mass of the 
H° -> H^W* -> W + W~h° -> W+W-bb cascade, as 
mvi/wbt,. Left is for the Tevatron; right, LHC. 
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FIG. 7: For the LHC: top (a) is W + W~h° -t W + W~bb sig- 
nal acceptance after top-quark veto, including the branching 
ratio WW —¥ ivqq' . Bottom (b) is median expected 95% CL 
upper limits in the background-only hypothesis. Both panes 
use h° = 125 GeV, and varying H° and H masses. 
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FIG. 6: Signal acceptance and expected limits at the Teva- 
tron: top (a) is W + W~h° — > W + W~bb signal acceptance 
after top-quark veto, including the branching ratio WW — >• 
ivqq'; bottom (b) is the median expected 95% CL upper limits 
in the background-only hypothesis. Both panes use h° = 125 
GeV, and varying H° and H masses. 

hypothesis, see Figs. [6]d & [7]b. 



V. RESONANCES IN Wbb 

Production of W + W~bb may also occur through the 
cascade process (Fig. [8]) , 



FIG. 8: Diagram for W W bb production via the cascade 
gg^-H -> H^W* -> Wtb -» W + W"bb. 



gg -> H° -> H ± W T -> Wtb -> W + W~bb 

which gives resonant production of H W ± bb, and 
kinematics distinct from ti — > W + W~bb. 

As in the bb resonance case, events are reconstructed 
according to the ti hypothesis, in order to identify and 
remove this background. The ti background shows clear 
peaks in M t for both leptonic and hadronic modes, see 
Fig. [3] The Higgs cascade decay has exactly one top- 



5 



£ 0.014-1 blag 
0) 

W 0.012- 
"o 

c 0.01- 
o 

g 0.008- 
0.006- 
0.004- 
0.002- 

§0 



_ M H .=225,M , =325 
_ M H .=325,M I ',=425 




100 150 200 250 300 350 400 

M, leptonic [GeV] 



0.007- 

_ 0.006- 
o 

g 0.005- 
M 0.004- 
0.003- 
0.002- 
0.001- 
§0 



_ M H .=225,M =325 
_ M H :=325,M"=425 



i: 




100 150 200 250 300 350 400 

M, leptonic [GeV] 




100 150 200 250 300 350 400 



100 150 200 250 300 350 400 



M, leptonic [GeV] 



M, leptonic [GeV] 




§0 100 150 200 250 300 350 400 

M, hadronic [GeV] 



2+ b-lags . 



- M H .=225,M , =325 
_ M u .=325,m",=425 



1 



.0 100 150 200 250 300 350 400 

M, hadronic [GeV] 




2+ b-lags - 



_ M H -225. M ,=325 
_ M H .=325,M h =425 



100 150 200 250 300 350 400 

M, hadronic [GeV] 




100 150 200 250 300 350 400 

M, hadronic [GeV] 




M wbb [GeV] M wbb [GeV] M wbb [GeV] Mw bb [GeV] 



FIG. 9: Expected kinematic features of H — > W ± bb reso- 
nance signal and background events at the Tevatron. Shown 
are leptonic top mass (top), hadronic top mass (center) and 
Wbb invariant mass (bottom). Events are categorized by the 
the number of 6-tags seen: left is exactly one tag, right is at 
least two tags. The top-quark pair background in the Wbb 
mass distribution is suppressed by a top-quark veto, shown in 
the Alt distributions. 



FIG. 10: Expected kinematic features of H ± W ± bb reso- 
nance signal and background events at the LHC. Shown are 
leptonic top mass (top), hadronic top mass (center) and Wbb 
invariant mass (bottom). Events are categorized by the num- 
ber of 6-tags seen: left is exactly one tag, right is at least 
two tags. The top-quark pair background in the Wbb mass 
distribution is suppressed by a top-quark veto, shown in the 
Mt distributions. 



quark decay, leading to reconstructed top-quark masses 
that are broader than in the background SM top-quark 
pair production, but more difficult to discriminate from ti 
than the bb case which has no top quarks. To reduce the 
ti background, we veto events if M t lep G [M - 10, M + 10] 
and M t had € [M-10,M+10], where M is the median 
reconstructed M in simulated ti events, and the window 
size is optimized to maximize expected sensitivity. 

The resonance mass is formed by mwbb, choosing the 
W boson that gives the largest value of mwbb- It shows a 
clear peak in simulated Higgs cascade events, see Fig. [9] 
As for the bb resonance, one could likely further improve 
the background rejection by using the H° resonance in 
mwwbb as a second analysis dimension, see Fig. [TT] 

Signal and background yields are calculated as in the bb 
case described above. The signal acceptance is calculated 
using simulated events, see Figs. [12^, fc[T3^. The median 
expected upper limit is extracted in the background-only 



hypothesis, see Figs. [T2p & [Hfo . 

VI. CONCLUSIONS 

Extended Higgs sectors can produce Higgs cascade de- 
cays leading to a W + W~bb final state that appears in 
top-quark pair production. We have shown that the res- 
onance structure of the Higgs cascade decays can be used 
to distinguish these experimentally. The investigation 
here uses only the bb invariant mass, while the recon- 
structed masses of the H° and if particles in the cas- 
cade may also be useful. 

The M t distributions, which are the primary recon- 
structed quantities used in top-quark mass measure- 
ments, appear different for the signals discussed than 
for the ti background. Therefore, should the above sig- 
nals exist, contamination in the W + W~bb final states 
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FIG. 11: Reconstruction of the total invariant mass of the 
H° -> i/± W T -> Wid -> W+W'bb cascade, as m wwbb . Left 
is Tevatron, right is LHC. 
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FIG. 12: For the Tevatron: top (a) is -> W ± bb signal 
acceptance after top-quark veto, including the branching ratio 
W + W~ —¥ Ivqq' . Bottom (b) is median expected 95% CL 
upper limits in the background-only hypothesis. 
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FIG. 13: For the LHC: top (a) is -> W ± bb signal ac- 
ceptance after top-quark veto, including the branching ratio 
W + W~ —¥ ivqq' . Bottom (b) is median expected 95% CL 
upper limits in the background-only hypothesis. 



to demonstrate that both the Tevatron and the LHC have 
sensitivity to these processes, and we leave a more sophis- 
ticated analysis for the actual experimental searches. 
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would lead to measurements of the top-quark mass yield- 
ing artificially high or low values, depending on the exact 
mass hierarchy of the H° and H ± . This could generate 
perceived tension in the standard model precision elec- 
troweak fits which use the top-quark mass in order to 
determine the most likely Higgs boson mass. Study of 
the tt final states proposed here could disentangle these 
effects. 

The simple approach presented in this work is sufficient 
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